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SUMMARY KEY WORDS
The effects of implantation of cultured
adrenal medullary cells on the recovery of
neurotransmitter specific reflex activity were
studied in the rat spinal cord using electro-
physiological testing methods. Cell suspensions
of cultured neonatal adrenal medullary
chromaffin (AM) cells (which produce
catecholamines), or Schwann (Sc) cells (controls)
were implanted into the lumbar region of the
spinal cord 2 weeks after catecholamine (CA)
denervation by intracisternal injection of 6-
hydroxydopamine (6-OHDA). All cells were
taken from 7 day neonates and cultured for 10
days in the presence of nerve growth factor
(NGF). Three months after implantation, the
extent of implant-associated recovery of reflex
activity was determined by measuring electro-
myogram (EMG) activity and force associated
with the long latency component of the hindlimb
withdrawal reflex (which is CA modulated).
After the electrophysiological testing, rats were
anesthetized, and the spinal cords were rapidly
removed and frozen. Spinal cords were sectioned
longitudinally, and implanted cells were
visualized using glyoxylic acid techniques.
Labelled sections were examined to determine
cell survival. Results indicate that 1) chromaffin
cells survive for 3 months in the segments of the
cord into which they have been implanted and
2) rats implanted with AM cells have
significantly more forceful withdrawal reflexes
than those that received Sc cells or received no
implant after lesioning.
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INTRODUCTION
The mammalian spinal cord can be viewed both
as a pathway for signals between the brain and body
and as a semi-independent system consisting of an
array of interconnected components controlling
reflex and patterned movements. The reflex and
pattern generator pathways are not independent, as
they receive suprasegmental input from various
regions of the brain to initiate and regulate
voluntary movements. Damage to the spinal cord at
any level can disrupt input to these reflex pathways,
resulting in functional deficits. Attempts to
reconnect proximal and distal sections of spinal
cord at the point of injury have been unsuccessful.
Bridges composed of peripheral nerves/2,32,40/or
collagen matrix /26/ inserted into lesioned spinal
cord have not resulted in the formation of functional
connections/1/. Hormones/21,29/, growth factors
/1/, enzymes/23/, steroids/9,10/and electric fields
/8,20/ have been used in attempts to enhance
regeneration, btlt the effects on neural regrowth
were minimal. Recently, antibodies to inhibitory
proteins found in myelin have been tested fortheir
effects on regeneration in vivo, and found to be
partially successful in fostering regeneration /44/.
Other investigators have sought to replace lesioned
descending tracts or cell types within the spinal cord
by implanting cell suspensions or pieces of neural or
non-neural tissue. Embryonic spinal cord /6,47/,
cerebral cortex/27/, medullary and mesencephalic
raphe neurons /25/, locus ceruleus /11,15,35,38/,
and neonatal chromaffin cells /42,43/ have been
implanted into the mammalian spinal cord with
VOLUME 5, NO. 2, 1994 8990 B.E. PULFORD ET AL.
some success in the survival, differentiation, and
growth of the implants, but with no success in
recovery of function.
In previous studies/11,35/the functional effects
of spinal implants of fetal locus ceruleus tissue, a
potential, source of the catecholarnine noradrenaline
(NA), on the hindlimb withdrawal reflex in 6-
hydroxydopamine (6-OHDA) lesioned rats were
examined. Advantages of using the withdrawal
(flexion) reflex is that it is a relative simple system
and has been studied extensively /4,7,12,33,34/.
Flexor reflex afferent fibers (FRAs), which include
group II and III muscle afferents, joint afferents,
and low and high threshold cutaneous afferents,
converge on interneurons within the spinal cord/33/
(Figure 1). Lundberg /33/ postulates that these
fibers are capable of evoking the withdrawal reflex
by activating neuronal networks that excite flexor
alpha motoneurons in the ventral horn of the cord.
This reflex is modulated by NA fibers from the
locus ceruleus (brainstem) which synapse bilaterally
in the spinal cord ventral horn/7/. Jankowska et aL
/30/found that electrical stimulation of the FRAs
prior to administration of L-3-4-dihydroxyphenyl-
alanine (L-DOPA) in spinal animals elicits a low
threshold, short latency to onset response from the
biceps femoris muscle (short latency component-
SLC). In this case, the postulated pathway A
(Figure 1) is involved in the reflex. L-DOPA inhibits
this pathway by stimulating the release ofNA from
ceruleospinal fibers within the cord /30,31/.
Inhibition of pathway A disinhibits the postulated
pathway B. A short train of stimuli given to the
FRAs, aer pathway A inhibition via an injection of
L-DOPA, evokes a large amplitude discharge in
flexor motoneurons having both a long latency to
onset and long duration of evoked muscle activity
(long latency component LLC). Monoamine
oxidase inhibitors, such as pargyline, produce a 10-
fold potentiation of the L-DOPA effects/3/. Anden
/3/ has also shown that alpha-adrenergic receptor
blockers, such as phenoxybenzamine and phentol-
amine, are capable of blocking the L-DOPA effects
on the withdrawal reflex. The protocol developed
by Moorman et aL /35/for testing the withdrawal
reflex allows precise measurements of the force and
myoelectric activity produced during withdrawal.
This method also allows relatively easy
Fig. 1: Cross section of spinal cord showing proposed
excitatory pathways between flexor reflex afferents
(FRAs) and motoneurons. Stimulation of FRAs in
the absence of L-DOPA (acute spinal animal)
activates pathway A, which is responsible for the
short latency effect. The black interneuron, which
may represent a chain of interneurons, is
inhibitory. In the presence of L-DOPA, pathway A
is inhibited by noradrenaline (NA) released by
noradrenergic fibers from the locus ceruleus. This
disinhibits pathway B, which is responsible for the
long latency, large amplitude discharge in flexor
motor neurons. (Adapted from Jankowska et al.,
/30/.)
pharmacological manipulation of the neurons
involved in the reflex pathway.
A significant increase in the force of the
withdrawal reflex was noted by Moorman in 6-
OHDA lesioned rats that received fetal locus
ceruleus implants when compared to lesioned
controls/35/. The level of force was found to be
correlated to the number of catecholamine-
producing implanted cells. The present study is a
continuation of this work. We tested the possibility
of using cultured neonatal adrenal medullary
chromaffin (AM) cells to replace the 6-OHDA
lesioned NA fibers in the spinal cord. There are
certain advantages to using cultured cells for
implants, including examination of the effect on
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physiology of a specific cell type and the potential
clinical benefit of using autologous cell implants to
aid neurologically impaired patients. Chromaffin
cells were chosen for implantation because they are
relatively easy to isolate and they release NA
/19,49/. When cultured AM cells are grown in the
presence of nerve growth factor (NGF), most of the
small (20-35 m diameter) round cells assume
neuronal characteristics, extending many fine
processes, similar to those of small granule cells in
sympathetic ganglia /49/. Both the round and
neuronal-like cells exhibit intense CA fluorescence
/19/. Growing isolated AM cells in the presence of
NGF appears to select for NA producing cells/19/.
Though there is evidence that NGF is present in the
spinal cord of adult rats /41,46/, it is not known
whether the levels are sufficient to support isolated
AM cells. Pieces of rat adrenal medulla and
suspensions of isolated bovine chromaffin cells
survive for up to 4 months in rats when placed or
injected into the subarachnoid space of the spinal
cord /43/. Previous work in our laboratories has
also demonstrated that when whole adrenal
medullas from neonatal rats are implanted into
cavities produced in the lumbar spinal cord of
mature rats, CA-containing cells are present up to
121 days after implantation (C. Jones, personal
communication). However, few surviving cells
extended processes, and those processes that were
present were less than 40 l.tm in length.
In the present study, AM cells were plated on
cryostat sections of adult rat spinal cord to test their
potential to grow and extend processes on spinal
cord substrates in vitro. In in vivo experiments,
ceruleospinal fibers in the spinal cord were
destroyed by 6-OHDA. Chromaffin cells or
Schwann cells (Sc), which were used as controls,
were implanted into the region of the cord where
fibers from the ceruleospinal tract normally
converge onto neurons involved in the hindlimb
withdrawal reflex. Three months post implantation,
both the muscular force and electrical activity
produced during reflex withdrawal were measured
in the experimental rats and compared to force
levels produced by control animals. In addition, we
histochemically examined sections of implanted
spinal cords stained for the presence of CA-
containing cells.
MATERIALS AND METHODS
6-OHDA lesions
Catecholamine-containing fibers within the
spinal cord were destroyed in a total of 25 animals
by injecting 6-OHDA into the cisterna magna.
Female Sprague Dawley rats (12 weeks old) were
anesthetized by injecting ketamine (80 mg/kg) and
xylazine (10 mg/kg) intraperitoneally. An incision
was made longitudinally beginning at the base of the
skull and continuing caudad. The underlying
muscles were separated to expose the atlanto-
occipital membrane. This membrane and the
underlying dura and arachnoid membranes were
then incised. Excess cerebrospinal fluid was
absorbed before slightly enlarging the dural incision.
The injection of 6-OHDA (Sigma, St. Louis, MO)
was accomplished using a Hamilton syringe and a
30 ga needle (Hamilton Co., Reno, NV) secured in
a micromanipulator. Twenty microliters of the
solution (25 mg 6-OHDA in 2 ml isotonic saline
containing 0.2 mg/ml ascorbic acid) were injected
over a period of 3-5 minutes into the subarachnoid
space of the cisterna magna. The rat was placed on
a surface that was inclined (rostral above caudal
approximately 35) during the 6-OHDA injection.
After administration of the 6-OHDA, the rat was
le in this position for 3 minutes before the wound
was sutured closed.
Cell culture techniques
Adrenal glands were harvested from ten seven
day-old rat pups using sterile technique. The
capsule was removed from the gland, and the cortex
was dissected away from the adrenal medulla,
taking care to remove as much cortex as possible.
The medulla was then cut into two or four pieces.
The tissue was enzymatically dissociated with a
solution of 0.25% collagenase (Worthington
Biochemicals, Freehold, NJ) in Hanks’ Basic Salt
Solution (HBSS), (Gibco, Grand Island, NY) for
one hour followed by 0.15% trypsin (Sigma) in
HBSS for ten minutes. The trypsin was quenched
by the addition of serum-containing growth media.
DNase (Sigma) was added to this solution which
was then incubated for 30 min. The suspension was
centrifuged and resuspended in high NGF (2.5S,
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Collaborative Biomedical, 40 ng/ml) containing
Dulbecco’s Modified Eagle Medium (DMEM,
Gibco) containing 10% fetal calf serum (HyClone).
The cells were mechanically dissociated by passing
them through descending bore size fire-polished
pipets. The AM cell suspension was plated onto
collagen coated glass coverslip plates for seven to
ten days before implantation.
Sciatic nerves from the same rat pups served as
a source for Schwann cells. The nerves were
cleaned of excess tissue, and the epineurium was
carefully stripped off. The sciatic nerve pieces were
enzymatically and mechanically dissociated using
the same technique that was used for dissociating
the adrenal medulla tissue. The sciatic nerve cell
suspension pellet was resuspended in DMEM media
with 10-SM cytosine arabinofuranoside (araC)
(Sigma) to control fibroblast proliferation. The cells
were plated on collagen coated plastic dishes, and
the cytotoxic medium was used on days and 3.
Cells were removed from the culture dishes by a
very careful light trypsinization (0.06% trypsin in
HBSS). Using this procedure, AM cells were
detached leaving behind fibroblasts and Sc cells.
Schwann cells were trypsinized in the same manner
with care being taken to leave behind fibroblasts. A
cell suspension was prepared, stored in the
incubator (8.5% CO2) during implantation, and
removed only to fill the syringe. After all implants
were performed, cell counts were made using
trypan blue, and aliquots were removed with a
syringe and plated on dishes to test for viability.
Cell counts indicated that an average of 6600 cells
were injected per animal (2200/site).
Implantation
Two weeks after the 6-OHDA lesion, cell
suspensions of cultured neonatal AM cells (n 7)
or Sc cells (n 6) were implanted into the lumbar
region of the spinal cord using sterile technique.
The rats were anesthetized via an i.p. injection of
ketamine and xylazine. An incision was then made
beginning just cranial to thoracic vertebra 11 (T 11)
and continuing to a point just caudal to lumbar
vertebra 3 (L3). After the vertebrae in this region
were surgically exposed, the interspinous and
interarcuate ligaments between T12-T 13, T13-L 1,
and L1-L2 were cut. The dura was carefully incised
at these three locations, allowing access to the
spinal cord. The rat was placed upon the raised
platform of a stereotaxic unit, and a pair of Allis
tissue forceps, attached to a micromanipulator, was
clamped onto the spinous process of T12 to secure
the vertebral column and prevent movement during
injection. A Hamilton syringe (10 lal) attached to a
micromanipulator was used to inject 5 lal of the cell
suspension into the spinal cord at each of the 3
sites. The syringe needle (30 ga) was inserted
completely through the left side of the cord, just
lateral to the dorsal vein. The needle was then
retracted 1-2 mm, and injection of the cell
suspension was made over a period of 2-3 minutes.
One minute after injection, the needle was
withdrawn over a 2-3 minute time span. This
procedure was followed at each site, attaching the
forceps to the spinous process of, successively, T13
and L1 prior to injection. During insertion of the
needle, characteristic muscular twitching occurred,
indicating that the needle was being inserted into the
region of the spinal cord involved in the hindlimb
withdrawal reflex. These reactions included
twitching of the hypaxial muscles on the left side at
T12-13, twitching of the muscles of the left thigh at
T13-L1, and twitching of the digits of the left foot
at L1-2. Following the third injection, the incision
was closed using 6-0 suture (Ethicon) and wound
clips. A sample ofthe remaining cell suspension was
ejected through the needle and plated on cell culture
dishes in order to verify the survivability and
process outgrowth capability of the implanted cells.
Another sample of the suspension was used for cell
counts.
Reflex testing
Three months post-implantation, the spinal cord
of the rat was transected, and the hindlimb
withdrawal reflex was tested. Testing was done
blindly, i.e. the tester did not know which
experimental group the rat was from. Anesthesia
was induced using halothane (inhaled) and
maintained by inhaled metophane. An incision was
made in the dorsocranial thoracic region and
underlying epaxial muscles were separated to
expose the T4-T6 thoracic vertebrae. A lami-
nectomy was performed on T5. The dura was
opened using iris scissors, and a suction pipette was
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used to remove a 1-2 mm section of the spinal cord.
A small piece of gel-foam saturated with an
oxymorphone solution (0.1 ml Numorphan in 2 ml
saline) was placed into the resulting cavity in the
cord. The incision was closed, and the animal was
allowed a 1-1.5 hour recovery period.
To test the hindlimb withdrawal reflex, the
animal was first placed into a cloth restraint and
suspended from parallel bars of a stereotaxic unit. A
hip pin was inserted against each ileum ensuring
pelvic stabilization. Stimulating electrodes (Teca
MF-12 with 2 mm bared tips, TECA Corp.,
Pleasantville, NY) were inserted subcutaneously
into the dorsum of the left hindpaw and secured
with tape. Recording electrodes (Teca MF-12,
2 mm bared tips) were placed into the left biceps
femoris muscle and connected to a differential
amplifier (Grass, Quincy, MA; P5 series). A
grounding electrode was inserted into the dorsal
musculature. The left hindpaw was then attached to
a force-displacement transducer (Grass FT03C),
and 75 g of tension was applied. A Grass $88
stimulator, in series with a Grass stimulus isolation
unit (S1U5) and a Grass constant current unit
(CCU1A), delivered electrical pulses (pulse rate
500/sec, pulse duration 0.1 ms, train duration 5 ms,
train rate 1/30 sec) to the hindpaw. Signals from the
force transducer (early and late components of
reflex) and the differential amplifier (reflex evoked
muscle potentials) were sent both to a storage
oscilloscope (Tektronix, Beaverton, OR; model
2230) and to a Hewlett-Packard FM analog tape
recorder for data storage. After initial testing to
determine whether electromyogram. (EMG) and
force potentials were present and relatively free of
noise, reflex testing was begun, using the constant
current unit to increase the stimulus intensity
incrementally from 0.25 to 15.0 mA. Testing was
performed 15 minutes after administration of
pargyline (monoamine oxidase inhibitor, 6.25 mg
i.p.) and again 15 minutes after administration of L-
DOPA (Sigma, 6.25 mg, 50% i.m., 50% i.v.). At
each stimulus level, the reflex evoked EMG activity
and force components were recorded and stored for
subsequent analysis. The 15 minute period between
drug administration and testing was to ensure that
effective blood levels of the drugs had been
reached. After the administration of L-DOPA, the
animals exhibited peripheral autonomic signs
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indicative of catecholamine release, such as pilo-
erection, exopthalamos, excessive salivation, and
sometimes urination.
Histochemical analysis
Glyoxyfic acid technique
Following reflex testing, the rat was deeply
anesthetized by an injection of ketamine and
xylazine. The spinal cord (Tll-L5) was quickly
removed and frozen. The freezing technique
employed a mixture of liquid propane and ethane
(5:1) cooled by liquid nitrogen. The specimen was
placed in a holder containing O.C.T. compound
(Tissue-Tek, Miles, Inc., Elkhart, IN) and dipped
quickly into the propane and ethane for 20 seconds.
Once frozen, the specimen was stored at -70C until
sectioning.
Ten micrometer thick longitudinal sections of
each specimen were placed on coverglasses and
allowed to dry. The coverglasses were dipped into a
glyoxylic acid solution three times and then dried
under a blow dryer for fiteen minutes /18/. The
sections were heated in a 95F oven for 3.5 minutes
and examined using an Olympus IMT2 microscope
equipped for epifluorescence (390 nm excitation
wavelength).
lmmunocytochemical methods
Cell cultures were fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer.
Chromaffin cells were identified using antibodies
against tyrosine hydroxylase (TH) (Eugene Tech,
Allendale, NJ) and a Vectastain Elite kit (Vector
Labs, Burlingame, CA). Briefly, fixed cells were
rinsed several times with phosphate buffered saline
(PBS) plus 0.5% Triton X- 100. Goat serum (1%)
was added for 20 minutes as a blocking agent. TH
antibody (1:2000 dilution) was incubated overnight
on a shaker table at 12C. After rinsing, biotinylated
secondary antibody (Vector) was added for 30
minutes. ABC reagent (Vector) was added for
another 30 minutes. Visualization was accomplished
using diaminobenzidine (DAB) (Polysciences,
Warrington, PA).
The monoclonal antibody 217c (courtesy of de
Vellis) was used to identify Sc cells/24/. The cells
were incubated with the antibody at a dilution of
1"500. A Vectastain Elite kit provided reagents94 B.E. PULFORD ET AL,
necessary for proper labelling. The steps followed
were similar to those outlined above for AM cells.
Cryoculture techniques
Frozen sections (10 m) of normal rat adult
spinal cord were placed in the wells of glass
coverslip dishes. The dishes were stored overnight
at -20C The following day they were rinsed with
DMEM growth medium several times before
addition of rat AM cells. After the last rinse with
DMEM growth medium, high NGF growth medium
was added to the plates. The AM cells were added
by dropping a high density cell suspension from a
pipet tip directly above each section. The plates
were not moved for approximately 24 hours, giving
the cells time to become firmly attached to the
tissue. Three to five days after plating, the cells
were fixed with 4% paraformaldehyde in phosphate
buffer. The cells were then labelled using the
techniques for TH antibody labelling outlined
above.
Data analysis
Averaged maximum reflex-evoked force data
from one group were compared to force data from
another group by using the Mann-Whitney U
statistical test.
RESULTS
Histology
Dissociated cells in vitro
Chromaffin cells were grown on collagen in the
presence of NGF. The AM cells in culture with
NGF developed extensive processes in three to five
days which were positive for anti-TH antibody
(Figure 2A). Schwann cell cultures were positively
labelled immunocytochemically with the antibody
217c after 1-3 days in culture (Figure 2B). Cells
from the samples of leftover cell suspension from
both the AM and Sc implants grew processes within
three days aider replating.
AM cells on spinal cord in vi#’o
Staining the cryocultures with anti-TH antibody
3-5 days after plating showed that the majority of
AM cells adhered to the gray matter of the spinal
cord sections (Figure 3). Few AM cells extended
processes onto the gray or white matter of the cord.
A count of the anti-TH labelled AM cells on 12
randomly selected sections of spinal cord revealed
that only 125 of the 609 cells counted (20.5%)
attached to the white matter of the cord. By
contrast, AM cells expressing the neuronal
phenotype grew extensively on the untreated glass
coverslip around each section.
1replant cells in vivo
Catecholamine-producing cells were present in
the spinal cords of all animals that received AM cell
implants (Figure 4). The surviving AM cells were
well integrated into the parenchyma of the spinal
cord. Brightly fluorescing CA cells were visible,
predominantly in the left ventral region of the cords,
but also along the needle tracts. Cells were typically
found either in lines (Fig. 4A) or small clusters (Fig.
4B). The CA cells appeared to migrate both craniad
and caudad from the injection sites. Short processes
emerged from a small number of the AM cells. No
CA fluorescence was observed in spinal cord tissue
taken from lesioned (n 1), control (n 1), or Sc
cell (n 2) implanted animals.
Reflex testing
Control rats
Upon electrical stimulation of the dorsum of the
hindpaw, SLCs were recorded from the ipsilateral
biceps femoris muscle of control animals (Figure
5A,B). This withdrawal response was character-
istically short in duration, as shown by the EMG.
and produced only a small amount of force. LLCs
were evoked in control animals only after the
administration of L-DOPA (Figure 5C, D).
Electrical stimulation aer L-DOPA resulted in a
large amplitude, long duration EMG response
concomitant with the production of a vigorous
flexion (average maximum force 764 + 58.8 g
(SD), n 5) (Figure 6).
6-OHDA lesioned OTo-implanO tats
SLCs were also evoked by electrical stimulation
all lesioned animals prior to administration of L-
DOPA. In a few of the lesioned rats (2/7), small
LLCs were also evoked by these initial stimulations.
After administration of L-DOPA, stimulation
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Fig. 2: Phase contrast photographs of chromaffin cells (A) and Schwann cells (B) in vitro. Both cell types were plated from cell
suspensions used for spinal implantation. After 4 days in culture, chromaffin cells were fixed and immuno-
cytochemically stained using anti-TH antibody. Schwann cells were fixed and labelled with 217c antibody after 3 days in
culture. Scale bars, 100 lam (A); 50 tm (B).
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Rat chromaffin cells were added to tissue culture dishes containing longitudinal sections of normal rat spinal cord. Three
to five days after plating, the cells were fixed and stained with anti-TH. Chromaffin cells (stained black) adhered to the
gray matter (GM) of the cord, but not to the white matter (WM), and extended very few processes. Scale bar, 100 lain.
evoked LLCs in all rats (Figure 5E, F), but the forc
of the response in all cases was significantl
(p <0.002) less than that of the control rats (avg
maximum force 93.7 + 47 g (SD), n 7) (Figure
6). Stimulus-response curves for both the control
and lesioned rats (post L-DOPA) showed a high
degree of correlation (R value > 0.9) between
stimulus strength and resultant withdrawal force.
Implanted rats
Initially, and atter pargyline administration,
electrical stimulation of the hindpaw consistently
elicited SLCs of the withdrawal reflex in all the
implanted rats. This stimulus also resulted in the
presence of small amplitude LLCs in many of these
same animals. The maximal force generated by the
Sc cell implanted rats upon stimulation showed only
a modest increase after administration of L-DOPA
(Figure 7B). The average maximal force evoked in
Sc animals (127.3 _+ 72.5 g) was not significantly
different from that of the lesioned rats (93.7 + 47 g)
by the Mann-Whitney U statistical test (Figure 6).
AM cell implanted rats produced a significantly
greater amount of force of withdrawal upon
hindpaw stimulation (average force 394.7 + 118
g) than did Sc implanted controls or no-implant
control rats (p <0.001, p <0.0006, respectively)
(Figure 7D)o There was an increased amount of
spontaneous EMG activity, both before and
subsequent to stimulation of the paw, in rats
implanted with AM cells (Figure 7C). The average
correlation coefficient was very close to 0.9 for the
post L-DOPA stimulus-response curves of both
implant groups.
DISCUSSION
In this study we found that implanting cultured
neonatal chromaffin cells into lesioned spinal cords
partially restored a specific reflex (hindlimb
withdrawal).
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Fig. 4: Implant sites in the spinal cords of 2 rats that received injections ofAM cells. Three months post implantation, spinal
cords were removed, frozen, and longitudinally sectioned. The glyoxylic acid technique for catecholamine
histofluorescence was used to label the spinal cord sections. Green fluorescing cells were found along needle tracks (A) or in small clusters (B) in the ventral region of the cords. In a. few cases the cells extended short processes. Scale bars, 100 lam (A); 50 tm (B).
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E
Fig. Representative electromyogram (EMG) activity (A,
C, E) and force production (B, D, F) recorded
during the hindlimb withdrawal reflex after
electrical stimulation (@ 15 mA) of the hindpaw.
The hindlimb withdrawal reflex is composed of a
short latency component (SLC) prior to L-DOPA
administration (A, B). After L-DOPA, electrical
stimulation results in a large anaplitude, long
latency component (LLC) in control animals (C,
D), which usually masks the SLC. EMG activity
and force production are correlated to stimulus
strength. Catecholamine denervation (using 6-
OHDA) of the spinal cord ciuses a marked
reduction in the withdrawal reflex LLC (E, F).
Each EMG and evoked potential represents 500 ms
of post-stimulus recording. Vertical bars, 190 g;
horizontal bar, 100 ms.
Reflex activity in implanted animals was tested
atter 3 months in this study. Moorman’s work/35/
revealed that cells could survive in the spinal cord
for a period of 4 months, though more cells were
present at 2 months. Since the ultimate aim of this
study is to develop procedures that could aid
neurologically impaired patients, longer term effects
Fig. 6:
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Histogram showing the average maximum force
produced during the LLC of the withdrawal reflex
after L-DOPA administration by each experimental
group. The chromaffin cell (AM) implant rats
produced significantly more force than did the
lesioned or Schwann cell (Sc) implant animals, but
significantly less force than the control rats. There
was no statistical difference between lesioned and
Sc cell implant rats.
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Fig. 7: Representative EMG activity (A, C) and force
production 03, D) recorded during the hindlimb
withdrawal reflex in animals implanted with
Schxvann cells (Sc) (A, B), or adrenal medullary
cells (AM) (C, D). Rats implanted with AM cells
had significantly more forceful reflex responses (@
15 mA stimulus) and an increased amount of
spontaneous EMG activity after administration of
L-DOPA compared to rats implanted with Sc cells.
Each EMG and evoked potential represents 500 ms
of post-stimulus recording. Vertical bar, 95 g;
horizontal bar, 100 ms.
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of the implants on reflex activity are of interest.
Therefore, we chose a time point that was modestly
long-term yet one at which we could be confident
that cells would still be present in the cord.
Plating of chromaffin cells on longitudinal
sections of spinal cord in vitro revealed an apparent
preference of the AM cells (79.5%) for the gray
matter of the cord. Cells attached to and survived
upon gray matter, but very few of these cells
extended processes. Far fewer AM cells (20.5%)
attached to white matter regions of these sections.
The potential of AM cells to grow in this in vitro
environment was apparent because cells growing
upon the untreated coverglass in these cultures
extended many long processes. The white matter of
adult rat spinal cord inhibits neuronal attachment
and neurite outgrowth. Dorsal root ganglion and
hippocampal neurons, plated onto cryostat sections
of adult spinal cord, attach to and extend processes
on gray matter but do not extend processes on
regions of white matter/13,16,17/. A protein found
in association with oligodendrocytes in CNS white
matter inhibits neurite outgrowth /44,45/. Many
elements of an in vivo spinal cord environment are
obviously absent in these previously frozen sections,
but the results indicate that factors present in the
spinal cord which inhibit outgrowth from several
types of neurons also inhibit the outgrowth of
neurites from AM cells. Similar inhibition of
outgrowth is seen when chromaffin cells are
implanted into various regions of the brain,
including the ventricles/39/. When locus cemleus
neurons are implanted into the spinal cord,
outgrowth from the implanted neurons occurs
primarily in the gray matter/38/. Because implanted
chromaffin cells extend very few, if any, processes,
the recovery of reflex activity associated with AM
cell implants may result from an endocrine-like
release ofNA rather than from synaptic interaction
between implanted cells and host spinal cord
interneurons.
Animals that received 6-OHDA induced spinal
cord lesions produced, on average (atter L-DOPA
administration), only 12% of the force of
withdrawal generated by control rats at maximal
stimulus levels. This demonstrates that catechol-
amine fibers within the spinal cord are an important
component of this reflex and that subdural injection
of 6-OHDA is an effective means of reducing this
VOLUME 5, NO. 2, 1994
component. A study by Berge /5/ demonstrated that
approximately 90% of the noradrenaline fibers in
the lumbar spinal cord are destroyed following
intrathecal administration of 6-OHDA. The small
amount of LLC activity which was present in a
number of lesioned animals 3 months after the
lesion may have been due to the presence of
ceruleospinal fibers not destroyed by the 6-OHDA
injection. Some CA fibers may have remained in the
6-OHDA lesioned implant rats also. However, the
amplitude of the LLCs recorded in the AM
implanted rats was significantly larger than the
amplitude of the LLCs recorded in lesioned rats
(p<0.0006, p <0.002, respectively) (Figure 7).
Therefore, incomplete destruction of the spinal cord
CA fibers, if it did occur, had no significant effect
on our results. Implanting Sc cells alone did not aid
in recovery of the reflex; consequently, non-specific
effects from implanting nervous system cells into
the spinal cord were not responsible for the
observed functional recovery. Several lines of
evidence support dependence of the LLC on the
release ofNA in the spinal cord. The effects of L-
DOPA on the LLC are reversed by adrenergic (x-
receptor blocking agents but are not reversed by 13-
receptor blocking agents /34/. Reserpine (which
blocks the formation of NA but not dopamine)
prevents the expression of the LLC pathway. After
inhibition of dopamine-13-hydroxylase and depletion
of pre-existing NA stores, L-DOPA does not allow
induction of activity in the LLC pathway /31/.
Previous work from our laboratories/35/has shown
that phentolamine, an adrenergic (x-receptor
blocker, completely inhibits the production of the
LLC (atler L-DOPA) in animals with NA releasing
implants and that clonidine, an adrenergic (x-
receptor agonist, facilitates production of a LLC
alter activation of FRAs. Thus, the reappearance of
a LLC aPter L-DOPA administration in animals with
AM implants suggests release of NA from the
surviving implanted cells.
Glyoxylic acid staining revealed the presence of
CA-containing fluorescent cells at injection sites of
rats implanted with AM cells. The color of the
fluorescence (green) indicated that these cells were
CA-containing /22,49/. The diameter of the
fluorescent cell bodies ranged from 15-35 btm,
which correlates well with our measurements of
AM cells in vitro, and with measurements from100 B.E. PULFORD ET AL.
other studies /19,37/. Similarly, fluorescent cells
were not observed in spinal cords from lesioned or
Sc implanted animals after glyoxylic acid staining,
which supports our belief that the glyoxylic acid
technique specifically identified implanted AM cells.
In this investigation we demonstrated that
cultured neonatal chromaffin cell implants are able
to survive for 3 months in the rat spinal cord and
are as effective as fetal tissue implants at restoring
hindlimb withdrawal reflex function. Future
directions of research in this area include testing the
effects on the reflex of implanting NA-producing
cell lines, such as PC 12 cells/28/, into the spinal
cord or implanting osmotic pumps into lesioned rats
which would release NGF into the site of the AM
cell implant.
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